During the bending and straightening process of low carbon microalloyed steel, high-temperature microstructure (HTM) governs the slab corner transverse cracking susceptibility. In this paper, the stiffness was used to characterize the resistance ability of HTM to elastic deflection, and a model describing the relationship between the stiffness and characteristics of HTM was established. The criterion was created based on the HTM features for the slab corner transverse cracking susceptibility. The results are mainly manifested in two aspects: 1) the stiffness was used to characterize the resistance of HTM against the elastic deformation, and it can also indirectly reflect the relationship between prior austenite grain and film-like ferrite, second-phase precipitate.
Introduction
In the continuous casting of microalloyed steel, slab corner transverse cracking frequently occurs during bending and straightening when the corner temperature reaches at 700 1,000°C. 1, 2) In the temperature range, the hot ductility is found to be low and can be characterized by the reduction of area in a simple hot tensile test. 3, 4) Hence, the hot tensile test is often used for assessing slab transverse corner cracking susceptibility during the continuous casting. However, the following two points are debatable in the hot tensile test for the determination of cracking susceptibility. Firstly, the sample is typically heated from room temperature to 1300°C and then the temperature is decreased to the testing temperature (7001000°C), resulting in a different sample thermal history from the real solidification procedure in the continuous casting. 5, 6) Secondly, the critical reduction of slab surface area measured by the hot tensile test is ³40%, and the critical strain is >50%. However, the slab surface strain in the real continuous casting is generally not more than 5%. 7, 8) As a result, dynamic recrystallization, which can improve the ductility in the hot tensile test, is impossible to occur during the continuous casting. 4) Therefore, the development of an alternative way is required for assessing the slab transverse corner cracking susceptibility in accordance to the continuous casting condition.
According to the previous studies, 912) high-temperature microstructure (HTM) features, such as prior austenite grain size, film-like ferrite and precipitation distribution, are the important factors affecting the slab corner transverse cracking susceptibility during the bending and straightening. It is wellestablished that the transverse corner cracking occurs if the slab surface strain exceeds the critical strain of HTM during the bending and straightening. Rain et al. 9) proposed that the coarse austenite grain is the key factor, leading to transverse cracking, and 1 mm is defined as the critical dimension of transverse cracking. However, it was not mentioned that how the critical dimension was measured. Moreover, their main objective was to study plain carbon steel, so there was no discussion about the precipitation. In this study, a model considering the HTM features of microalloyed steels and slab corner transverse cracking susceptibility was established and its validation was done experimentally. A criterion for assessing the slab corner transverse cracking susceptibility was also established based on the microstructure analysis.
Model
Slab corner transverse cracking is a complex phenomenon involving many factors.
1315) Slab surface strain is the external factor which affects the slab corner transverse cracking susceptibility during bending and straightening. On the other hand, the effect of heat transfer, oscillation, mould flux properties and flow, liquid steel flow, cooling rates and transformations on slab corner transverse cracking is mainly embodied with different HTM which is the internal factor. As mentioned earlier, if the slab corner strain exceeds the critical strain of HTM during the bending and straightening, the transverse corner cracking occurs. Thus, this study mainly considered the effects of the slab's HTM on the susceptibility. During bending and straightening process, slab corner transverse cracking occurs immediately after applying the external stress. Thus, elastic strain and plastic strain were considered. For a certain kind of slab, its yield strength can be considered to be unchanged. It is worth mentioning that with increasing elastic modulus, more stress is required to apply for a longer period to make the cast slab bending, which enhances the occurrence of slab corner transverse cracking easily. In many studies, the stiffness is used to characterize the ability to resist elastic deflection of microstructure. 1618) In this paper, the stiffness was used to characterize transverse corner cracking susceptibility of HTM. During bending and straightening, it has been assumed that the force unit of slabs has the structures shown in Fig. 1 . It is reported that the film-like ferrite and the second phase precipitated along the austenite grain boundaries significantly increased the stiffness of the force unit where prior austenite is assumed as a globe. The stiffness of HTM can be described using the following eq. (1):
Where, k is the stiffness of the force unit, A is the cross sectional area of the force unit, L is the axial length of the force unit, and E T is the effective elastic modulus of the force unit.
According to the elastic modulus calculation model studied by Klecka et al., 20) the minimum value of calculation model was used to calculate the elastic modulus of the force unit, as shown in eqs. (2) and (3).
Where, V ppt , and V ¡ are the volume fractions of second-phase precipitations and the film-like ferrite occupying the prior austenite, respectively. The E £ , E ¡ , and E ppt are the elastic modulus of the prior austenite, film-like ferrite and secondphase precipitation, respectively. It is believed that small change occurs in elastic modulus at the temperature range of 700900°C. The elastic modulus of the austenite and ferrite at different temperatures were calculated using the following eqs. (4) and (5).
21)
E £ÀFe ðMPaÞ ¼ 254680 À 114:76T ð4Þ
Where, T is the absolute temperature. 21) It is mentioned that the elastic modulus of the ferrite was ³80% of the elastic modulus of austenite and the elastic modulus of carbonitrides (Ti, Nb) was ³5 times as that of austenite. 22) Therefore, eq. (3) can be simplified as eq. (6).
Where, the D £ is the diameter of the prior austenite grain. For a certain kind of steel, E£ is a constant, thus eq. (6) can be further simplified to the eqs. (7) and (8) .
Where, D £P is the equivalent diameter of the prior austenite. The comparison between eq. (7) and eq. (4) indicated the essence of introducing effective elastic modulus to correct/ modify the austenite grain size based on the consideration of the film-like ferrite and second-phase precipitation. By analyzing the stiffness of the slab corner microstructures, the grain size of the prior austenite was found. It can be claimed that prior austenite grain size is found to be the key factor affecting the stiffness. For the microalloyed steel, since the pre-eutectoid film-like ferrite and alloying elements precipitation weaken the grain boundaries of the prior austenite during bending and straightening, they have an important effect on the stiffness. Therefore, it was essential to modify the calculation method for stiffness which was done by introducing the effective elastic modulus. The grain size of the prior austenite with weak grain boundaries were modified, which is the fundamental definition of the prior austenite equivalent diameter after modification. The larger the austenite equivalent diameter, the higher the stiffness of the slabs corner microstructures. It means the plasticity of slab corner microstructures will be worse, indicating that the slab has a greater tendency to crack when subjected to the bending or straightening stresses.
Determination of Model Parameters
The determination of Model parameters and incidence rate of the slab corner transverse cracking are discussed in details below.
Sample preparation
A set consisting of fourteen slabs was selected for the metallographic investigation and their compositions are shown in Table 1 . Casting of slabs A-H was accomplished using a continuous-arc slab caster, while a vertical-arc slab caster was used for slabs J-P. The section size and casting speed of each analytical slab are shown in Table 2 . After the continuous casting, sample was cut 200 mm along the casting direction out of each slab, and the sample size was section size mm 2 © 200 mm (casting direction). Then, the sample was visually inspected, and the number of transverse cracks Fig. 2 ), were grounded, polished, and etched using 4% nital. Further, microstructures of the metallographic samples were observed using metallographic microscope. The precipitation of the second phase formed under different cooling processes was investigated using transmission electron microscopy (TEM).
3.2 Determination of the D £ and V ¡ Based on the metallographic observation, prior austenite grain size and volume fractions of the film-like ferrite are determined. In the case of film-like pre-eutectoid ferrite, the austenite grain boundaries were easily outlined, as shown in the Fig. 3(a) . However, the austenite grain boundaries were not obvious in low-carbon microalloyed steel or less film-like pre-eutectoid ferrite (Fig. 3(b) ). The film-like ferrite was directly observed using optical microscopy. By observing the morphology, the film-like ferrite was classified and distinguished using the length/width ratio of crystal grains. If the length of the ferrite grain was >20 µm with a length/width ratio >3.5, the ferrite was defined as a film-like ferrite, as shown in Fig. 4(a) . The volume fraction of the film-like ferrite was defined as the ratio of the area of the film-like ferrite to the area of entire view field. For each type of steel, the average value of ten measurements was used to obtain accurate volume fraction of the film-like ferrite. The austenite grain sizes, ferrite grain sizes, and volume fractions of filmlike ferrite of the slabs are listed in Table 3 .
Determination of the V ppt
The distribution and components of the second-phase precipitations were obtained using TEM and EDS analysis. Figure 5 shows the TEM micrographs and EDS results of a second-phase precipitations in slabs A and C. It is evident that the square-shaped second-phase precipitations were determined as Ti carbonitride (Fig. 5(a) ). The second-phase precipitations with irregular shape were composed of both Ti carbonitride and Nb carbonitride together, and the Nb carbonitride formed within the core of Ti carbonitride (Fig. 5(b) ). As a result of the different cooling, two typical forms of distribution existed in the second-phase precipitations. One showed that the second-phase precipitations precipitated along the austenite grain boundaries with a chain-like distribution (Fig. 5(c) ), while the other displayed dispersed precipitations in the austenite grains (Fig. 5(d) ). The distribution of the second-phase precipitations in different slabs is listed in Table 4 . Although the distribution manner of the second-phase precipitations in the as-cast structure was observed using an electron microscope, the volume fraction at high temperature was difficult to measure. The main reason of the difficulty was to distinguish the alloying elements (of precipitations) at temperature lower than the bending or straightening temperature (for example, the precipitation temperature of vanadium carbonitride was only ³700°C, lower than the slab temperature in bending or straightening operation). Therefore, the V ppt parameter in eq. (8) can be simplified as follows: 1) when precipitations distributed uniformly in the matrix, a large amount of alloying elements were assumed to be dissolved in the matrix during bending and straightening. Even if a small amount of precipitation does present along the austenite grain boundary, it does not affect on the occurrence of slab corner transverse cracking. Therefore, the volume fraction of the grain boundary precipitations of the prior austenite was approximately zero. 2) When the precipitations shows a chain-like distribution in the matrix, the volume fraction of the prior austenite grain boundaries precipitations was equal to the theoretical amount of complete precipitation. 23) Therefore, the V ppt was calculated approximately by the theoretical volume fraction of the precipitation.
On the other hand, temperature is the main factor that determines the theoretical volume fraction of precipitated alloying elements. Since temperature range of the slabs during the bending or straightening operation is 700900°C, 800°C was selected as the temperature for theoretical calculation in this study. The slabs used in this study were made of microalloyed steel containing Nb, Ti, and V elements. The precipitation temperature of V elements is generally at <800°C.
23) Therefore, only precipitated amount of TiN and Nb (CN) in the austenitic phase of steel was taken into consideration in the theoretical calculation of the secondphase precipitations. In this calculation method, the amount of solid solution with C and N equilibrium was subtracted from the total amount of the microalloying elements in steel to obtain the theoretical amount of the second-phase precipitations. The detailed algorithm can be found in the Ref. 23 ). The volume fraction of the theoretical amount of the second-phase precipitations occupying the force unit is given in Table 4 .
Criterion for Slab Corner Transverse Cracking Susceptibility
The high temperature characteristics of slab structures were obtained based on the aforementioned model. They were used to find a criterion of slab corner transverse cracking susceptibility. By substituting the experimental values of the HTM parameters, such as D£, V ¡ , and V ppt , into eq. (6), the values of calculated equivalent diameters of the prior austenite are listed in Table 5 . As mentioned earlier, larger austenite equivalent diameter led to stronger stiffness and lower plasticity to the surface structure of the slab. Thus, once the relationship between the equivalent diameter of the prior austenite and incidence of slab corner transverse cracks is established, the equivalent diameter of the prior austenite can be used to determine the slab corner transverse cracking susceptibility. Figure 6 shows the relationship between the equivalent diameter of prior austenite and incidence rate of slab corner transverse cracks. It can be found that the critical equivalent diameter of prior austenite generating the transverse corner cracks on slabs was 0.69 mm (Fig. 6) . It is 30% less than the critical dimension proposed (1 mm) by Rain et al. 9) This disparity can be attributed to the change in microstructure occurred during bending and straightening. For instance, grain boundaries of the prior austenite weakened, film-like ferrite precipitated along the austenite grain boundaries and the second phase precipitations with a chain-like distribution. When the equivalent diameter of the prior austenite, D £ P obtained to be >0.85 mm, the index of the slab corner traverse cracks increased sharply, indicating relatively strong susceptibility of transverse corner cracks. The equivalent size of the prior austenite can be calculated to predict the transverse corner cracking upon the availability of slabs D £ . However, another way was needed for slabs C, F, H and K because they cannot have D£ as the austenite grain boundaries were not obvious in low-carbon microalloyed steel or less film-like pre-eutectoid ferrite. Hashio et al. 24) suggested that the slab corner transverse cracking susceptibility can be predicted using the grain size and distribution of ferrite grains indirectly. Relationship between the structures and crack index is listed in Table 6 . It is easy to find out that the slab corner transverse cracking susceptibility was low as the ferrite grain was fine and uniform. Though the effect of inheritance between austenite grain size and ferrite grain size is well known, the numerical relationship which is used to predict the slab corner transverse cracking susceptibility should be further studied in future.
Conclusions
(1) The stiffness was used to characterize the resistance of HTM against the elastic deformation, and it can indirectly reflect the relationship between prior austenite grain and film-like ferrite, second-phase precipitations. 
